Background
Results
The interaction effect of race and smoking was significant after adjustment for the full potential confounding covariates (Adjusted p = 0.0412). Compared to never smokers, current smokers were 29% less likely to have uncontrolled BP in non-Hispanic whites (OR = 0.71, 95% CI = 0.56-0.90), although the likelihood for uncontrolled BP is the same for smokers and never smokers in Hispanics and non-Hispanic blacks. Current smokers were 26% less likely than never smokers to have isolated uncontrolled SBP in non-Hispanic whites (OR = 0.74, 95% CI = 0.58-0.95). However, current smoking is associated with an increased likelihood of uncontrolled PLOS ONE | https://doi.org/10.1371/journal.pone.0182807 August 9, 2017 1 / 13 a1111111111 a1111111111 a1111111111 a1111111111 a1111111111
Introduction
According to the Disease Control and Centers Prevention (CDC), nearly 36 million adults have uncontrolled blood pressure (BP) in the United States (US) although most of them have health insurance and have actually seen a doctor twice a year [1] . Lack of BP control dramatically increases the risks of cardiovascular diseases among hypertensive patients [2] [3] [4] [5] [6] [7] . While remarkable advances in therapy have provided the capability for lowering BP in persons with hypertension, uncontrolled BP continues to be a major public health concern with the number of people with uncontrolled BP increasing [8] .
Uncontrolled BP varies across racial groups [9] . Racial difference in uncontrolled BP may be attributed to racial differences in risk factors and their associations with elevated BP. Smoking has been linked to uncontrolled BP [10] [11] [12] [13] [14] . However, the association of smoking with uncontrolled BP remains inconclusive, and how this association varies with race/ethnicity has not been investigated. A few studies have shown that smoking causes an acute BP elevation and is positively associated with severe uncontrolled BP [11, 12] ; several other studies have observed that smokers generally have lower BP than nonsmokers [13, 14] . Racial/ethnic composition of the study population may play an important role in explaining the paradoxical associations between smoking and uncontrolled BP in different studies. The paradoxical associations might be attributed to the racial difference in the association of smoking with uncontrolled BP. Moreover, uncontrolled BP includes three subtypes: Isolated uncontrolled systolic BP (SBP), uncontrolled systolic-diastolic BP (SDBP), and isolated uncontrolled diastolic BP (DBP) [1] . These subtypes may be associated with different risk factors including race/ethnicity and smoking, and may play a different role in predicting the risk of cardiovascular disease. Examining racial/ethnic differences in the association of smoking status with uncontrolled BP, particularly with uncontrolled BP subtypes among diagnosed hypertensive patients would be critical for clarifying the confusion about inconclusive smoking-BP associations and better understanding the racial differences in uncontrolled BP and cardiovascular risk.
In this study, data of BP, smoking, race/ethnicity and confounding covariates on hypertensive subjects aged 18 years or above were collected from the continuous National Health and Nutrition Examination Survey (NHANES) 1999-2010. We hypothesize that smoking is associated with uncontrolled BP, isolated uncontrolled SBP, uncontrolled systolic-diastolic BP, and isolated uncontrolled DBP in different ways among Hispanics, non-Hispanic whites, and nonHispanic blacks. The goal of this study was to identify racial/ethnic disparities in the relationships of smoking status and uncontrolled BP outcomes. These differences would allow health practitioners to target race-specific associations in an effort to better control BP and thereby reduce the risk of cardiovascular-related morbidities and mortality among hypertensive patients.
Methods

Study design and participants
The continuous NHANES program which began in 1999 is conducted in every other year by the National Center for Health Statistics in the CDC [15] . It is designed to assess the health and nutrition status of people in the US. NHANES is a biennial comprehensive survey including a series of cross-sectional nationally representative health interview and examination surveys. In each two-year cycle of the survey, approximately 10,000 participants representative of the civilian non-institutionalized US population are selected in different geographic areas across the country, using a complex stratified multistage probability cluster sampling design. Interview components are performed at the participant's house and examination and lab components are measured in the mobile examination centers. All the participants sign an informed consent form, and the study has approval from the National Center for Health Statistics Institutional Review Board. More information can be found in measurement procedures and protocols on the NHANES website available at http://www.cdc.gov/nchs/about/major/nhanes/ datalink.htm, or in the previous studies [10, 16] .
We combined 6 cycles of NHANES surveys from 1999-2000 to 2009-2010 for this study. Participants aged< 18 years who were interviewed but not examined, who were not of Hispanic, non-Hispanic white, and non-Hispanic black origin, who were pregnant women (Pregnancy in women determined by a self-reported questionnaire and a urine pregnancy test), and who were not diagnosed as hypertensive patients were excluded from the study. In addition, participants with missing BP measurements and missing information for smoking status were also excluded. There were a total of 33,560 individuals aged 18 years or above who participated in both the interview and examination; out of these, 32,148 individuals were classified into one of three racial/ethnic groups as given below. After excluding 1,258 pregnant women, we had 30,890 subjects included among which 8,187 were diagnosed with hypertension. Excluding those individuals with missing values for BP and smoking, we included 7,586 individuals with diagnosed hypertension in the final sample.
Measurements
Outcome variables. Each participant had up to 4 readings of SBP and DBP recorded manually by trained physicians using mercury sphygmomanometers and appropriately sized arm cuffs after 5 minutes of resting in a seated position [17] . The SBP and DBP for each individual were calculated as the averages of SBP and DBP readings with the first reading excluded. A participant was defined to have diagnosed hypertension if s/he self-reported hypertension diagnosed by a doctor which was further confirmed by elevated BP (SBP !140 mm Hg or DBP !90 mm Hg), or was currently taking prescribed medications for hypertension control at the time of examination. According to the Seventh Report of the Joint National Committee on Prevention, Detection, Evaluation and Treatment of High Blood Pressure [18] , uncontrolled BP was determined as having SBP !140 mm Hg or DBP !90 mm Hg among hypertensive patients. For patients with uncontrolled BP, isolated uncontrolled SBP was defined as having SBP !140 mm Hg and DBP < 90 mm Hg; uncontrolled SDBP was defined as having SBP !140 mm Hg and DBP !90 mm Hg; isolated uncontrolled DBP was defined as having SBP < 140 mm Hg and DBP !90 mm Hg.
Explanatory variables. Two explanatory variables of interest included in this study were race/ethnicity and smoking status. Race/ethnicity was determined by self-report and classified into Hispanic (including Mexican American and other Hispanic), non-Hispanic white, and non-Hispanic black. Smoking information was obtained from a household interview for subjects aged !20 years and from the mobile examination center for subjects aged 18-19 years. Smoking status was defined by a subject's response to several questions related to smoking history [10] . It was categorized into three groups: never smoking, ex-smoking, and current smoking. Smokers were defined as subjects aged !20 years who had responded "Yes" to the question "Have you smoked at least 100 cigarettes in your entire life?" or subjects aged 18 to 19 years who had positively responded to the question "Have you ever tried cigarette smoking, even 1 or 2 puffs?". Smokers were comprised of current and ex-smokers. Current smokers included those aged !20 years who reported current smoking by response to the question "Do you now smoke cigarettes?" or those aged 18-19 years who reported smoking in the past 5 days by a response to the question "During the past 5 days, did you use any product containing nicotine including cigarettes, pipes, cigars, chewing tobacco, snuff, nicotine patches, nicotine gum, or any other product containing nicotine?" Ex-smokers included those aged !20 years who did not report current smoking but had smoked at least 100 cigarettes in their lifetime and those 18-19 years who did not report smoking in the past 5 days but had tried a cigarette in the past.
Clinical covariates. High cholesterol and diabetes are associated with increased risk of uncontrolled BP [19, 20] , and may confound the association between smoking and uncontrolled BP. We included them as potential clinical confounders to control for the confounding errors. A participant was defined to have high cholesterol if his/her serum cholesterol !200 mg/dl. Serum cholesterol was measured by using the Roche/Hitachi Modular P Chemistry Analyzer (Genentech, Inc., South San Francisco, CA). Diabetes was determined by clinical measurements on glycohemoglobin levels and a positive response to any of the following questions, "Have you ever been told by a doctor that you have diabetes?"; "Are you now taking insulin?"; and "Are you now taking diabetes pills to lower your blood sugar?" [15, 21] . A participant was defined as having diabetes if s/he was taking medications for diabetes, or had been told by a doctor to have diabetes further confirmed by elevated levels of glycohemoglobin !6.5%. Glycohemoglobin measurements were performed on the A1c G7 HPLC Glycohemoglobin Analyzer (Tosoh Medics, Inc., South San Francisco, CA) Urinary albumin to creatinine ratio (UACR) has been linked to hypertension [22] . In this study, we included it to adjust for the confounding impact. The levels of albuminuria were determined by a urinary albumin to creatinine ratio (UACR). A participant was defined as having microalbuminuria if his/her UACR level was !30 mg/g and <300 mg/g, and having macroalbuminuria if his/her UACR level was !300 mg/g [23] . Urinary albumin was measured in a solid-phase fluorescent immunoassay using a Sequoia-Turner fluorometer (Mountain View, CA), and urinary creatinine was measured colorimetrically by a Jaffé rate reaction on a Beckman Synchron AS/ASTRA clinical analyzer (Beckman Instruments, Brea, CA).
Other covariates. Information on age, gender, education, and use of medication for hypertension was self-reported. Age was categorized into three groups: 18-39 years (young adults), 40-59 years (middle-aged adults), and 60 years or above (old adults). The level of education was classified as high school or below and college or above, based on the subject's number of years in school. The use of medication for hypertension was determined by a positive response to the question "Are you now taking prescribed medicine for HBP (high blood pressure)?". Poverty was defined as a family's poverty income ratio <1.0; the poverty income ratio was calculated by dividing the family total income by the appropriate poverty threshold specific to family size as well as the appropriate year and state, issued each year by the Department of Health and Human Services. A subject was determined to have generalized obesity if body mass index was !30 kg/m 2 .
Statistical analysis
The NHANES supporting and analytical guidelines for surveys 1999-2010 were followed [24] . Stratum, cluster and weight design techniques for survey data were incorporated into the data analysis to ensure the representativeness and generalization of the point estimates. Means or percentages and 95% confidence intervals (CIs) were calculated to examine differences in characteristics of subjects with diagnosed hypertension over racial/ethnic groups of Hispanics, non-Hispanic whites, and non-Hispanic blacks and over smoking status. Differences in means or percentages of characteristics were tested for significance by using χ 2 statistics for categorical variables and Wald F tests for continuous variables. The means or rates of characteristics were all age-adjusted by direct standardization to the US 2000 census population with diagnosed hypertension except for age specific estimates. After controlling for the potential confounding factors, adjusted odds ratios (ORs) with 95% CIs of uncontrolled BP, isolated uncontrolled SBP, uncontrolled SDBP, and isolated uncontrolled DBP were obtained from weighted logistic regression models to examine the associations of current and ex-smoking with uncontrolled BP outcomes. The models used to examine the association were adjusted for age, gender, race/ethnicity, education, family poverty income ratio, body mass index, serum cholesterol, diabetes, albumin-to-creatinine ratio, and antihypertensive medication for hypertension. In logistic regression that involves multiple independent variables, conducting separate tests (each at the 0.05 level) would inflate the overall family-wise error rate for the analysis. Consequently, a Bonferroni-type adjustment were used to provide some protection for the overall error rate. In this study, instead of recalculating the significance level α, we recalculated the adjusted p values based on the original p values from the regression analysis to account for the adjustment for multiple comparison by using the step-down Bonferroni method for logistic regression. All the data analyses were performed on windows 7 PC using survey procedures in SAS version 9.4 (SAS Institute Inc, Cary, NC).
Results
General information of the study sample
The average age of study participants was 60.52 years. After adjustment for age, 54.15% of participants were females; 7.80% were Hispanics and 14.67% were non-Hispanic Blacks ( Table 1) . The rates of current smoking and ex-smoking were 21.51% and 35.07%, respectively. The overall rate of uncontrolled BP was 48.13%.
Characteristics by race/ethnicity and smoking status
We compared characteristics with missing data on the explanatory and outcome variables (BP/smoking/ethnicity) with those with complete data in terms of other covariates to indicate whether the selected sample is biased. The comparison results are presented in S1 Table. From this Table, we can see that there were no significant differences in the covariates between missing and complete data, and the selected sample was not significantly biased by missing data on BP/smoking/ethnicity.
Compared with non-Hispanic whites, Hispanics and non-Hispanic blacks were younger, less educated, poorer, and had lower rates of ex-smoking and higher rates of diabetes (p<0.0001), albuminuria (both microalbuminuria and macroalbuminuria, p<0.0001), and uncontrolled BP (p<0.01) ( Table 1 ). The proportion of females (p<0.0001), the average BMI (p<0.01), the rate of obesity (p<0.05), and the rate of current smoking (p<0.05) were higher in non-Hispanic blacks than in Hispanics and non-Hispanic whites. However, the proportions of hypertensive participants who were currently taking medications for hypertension control were similar among the three racial/ethnic groups.
Characteristics of the study sample by smoking status in NHANES 1999-2010 is presented in Table 2 . Among diagnosed hypertensive participants in this study, current smokers were younger than never smokers and ex-smokers (p<0.0001). Compared to never smokers, current smokers included fewer females and had lower education, higher poor rates, lower obesity rates (all p<0.0001), and higher rates of macroalbuminuria (p<0.01). The proportions of Hispanics were lower in current and ex-smokers than in never smokers (p<0.05); the proportion of non-Hispanic whites was higher in ex-smokers (p<0.0001). Current smokers had a higher proportion of non-Hispanic blacks than ex-smokers (p<0.0001).
Rates of uncontrolled BP and its subtypes by smoking status and race/ ethnicity
We present rates of uncontrolled BP and its subtypes by smoking status within each racial/ethnic group in Table 3 . Corresponding statistical tests were conducted for bi-variate association between smoking and uncontrolled BP. Compared to never smokers, current smokers have a higher rate of uncontrolled SDBP in the non-Hispanic black population. The difference in rates of uncontrolled BP subtypes between smokers and never smokers were not significant in other racial/ethnic groups.
Associations of smoking status with uncontrolled BP and its subtypes by race/ethnicity
We conducted logistic regression by first including the interaction of race and smoking in the full model and the adjusted p value for the interaction effect was estimated as 0.0412. In light of statistically significant interaction, we proceeded with the stratified analysis of the associations between smoking and uncontrolled BP by race/ethnicity. Adjusted ORs and 95% CIs of uncontrolled BP and its subtypes (including isolated uncontrolled SBP, uncontrolled SDBP, and isolated uncontrolled DBP) associated with ex-and current smoking are listed in Table 4 . After adjustment for the full potential confounding factors, current smokers were 29% less likely to have uncontrolled BP (OR = 0.71, 95% CI = 0.56-0.90) than never smokers in non-Hispanic whites. There were no significant associations between smoking and uncontrolled BP in Hispanics and non-Hispanic blacks. Current smokers were 26% less likely to have isolated uncontrolled SBP than never smokers (OR = 0.74, 95% CI = 0.58-0.95) in non-Hispanic whites. However, current smoking was associated with an increased likelihood of uncontrolled SDBP in non-Hispanic blacks, and current smokers in this group were 70% more likely to have uncontrolled SDBP than never smokers (OR = 1.70, 95% CI = 1.10-2.65). Data were age-adjusted by direct standardization to the US 2000 census population except for age-specific estimates. * P<0.05 for the significance of uncontrolled BP and its subtypes across smoking categories in the three racial groups.
BP, blood pressure; DBP, diastolic blood pressure; SBP, systolic blood pressure; SDBP, systolic-diastolic blood pressure.
Discussion
This study examined racial differences in the association of smoking status with uncontrolled BP, isolated uncontrolled SBP, uncontrolled SDBP, and isolated uncontrolled DBP among diagnosed hypertensive patients in NHANES 1999-2010. One finding that stands out was the positive association of smoking and uncontrolled SDBP in non-Hispanic blacks. Compared to never smokers, current smokers were more likely to have uncontrolled SDBP in this racial/ethnic group. African Americans metabolize nicotine more slowly and inhale higher doses of nicotine per cigarette than white smokers [25] . The average level of serum cotinine (a proximate metabolite and marker of nicotine) has been shown to be higher in African American smokers than in whites smoking the same number of cigarettes per day [26] . Higher levels of nicotine and cotinine is related to enhanced activation of the renin-angiotensin-aldosterone system and increased expression levels of angiotensin II that may partly contribute to the greater vasoconstriction and raised SBP and DBP in black smokers [27] . Current smokers were shown to be less likely to have uncontrolled BP and isolated uncontrolled SBP than never smokers in non-Hispanic whites. The associations were significant only in the model with adjustment for the full potential confounders, and could be influenced by different combinations of confounding factors, such as age, gender, race/ethnicity, education, and family poverty income ratio, etc. This indicates that smoking may play an important and independent role in uncontrolled BP and SBP in non-Hispanic whites while the associations were not robust as those between medication use and uncontrolled BP outcomes. The negative association in white patients is consistent with the findings from previous studies that targets the general population consisting of different racial/ethnic groups [12, 28, 29] . Our supportive results in non-Hispanic whites shows that the negative relationship between current smoking and uncontrolled BP found in previous studies might be dominated by non-Hispanic whites as non-Hispanic whites account for the majority of the US population. This paradoxical association may be attributed to two potential pathways. One pathway is that smokers may increase awareness of their health status so that they do more physical activity, reduce sodium intake, and reduce alcohol use to improve their health behaviors and lower their BP [11, 30] . The other pathway is that smoking is associated with appetite suppression and weight loss, and weight control is associated with lower risk of uncontrolled BP [30, 31] . This is supported by the result from the current study that average body mass index and obesity rate were lower in current smokers than in never smokers. The associations of current smoking with uncontrolled BP varied among Hispanic, nonHispanic whites, and non-Hispanic blacks. The interactions of smoking with other factors (e.g. age, gender, and obesity) may differ over race/ethnicity, and this difference may change the magnitude and direction of the association between smoking and SBP or DBP levels [11] and thus uncontrolled BP in hypertensive subjects in these racial/ethnic groups. Racial differences in nicotine metabolism may also play a role in this regard [32] . The analysis of uncontrolled BP subtypes showed that current smokers were less likely to have isolated uncontrolled SBP in non-Hispanic whites, but more likely to have uncontrolled SDBP in non-Hispanic blacks after adjustment for the potential confounding factors. The directionally different associations of current smoking with isolated uncontrolled SBP in non-Hispanic whites and uncontrolled SDBP in non-Hispanic blacks may finally determine the direction of the relationship between current smoking and uncontrolled BP in these two racial/ethnic groups.
There were several limitations in this study. Continuous NHANES was a series of national surveys with cross sectional design. The results could not be used for causal effects of smoking on the risk of uncontrolled hypertension in different racial populations. The NHANES survey did not provide a detailed list of specific medications that were used for hypertensive control. Even though we controlled for the confounding impact of taking medications for hypertension, we could not obtain information regarding the adherence to medication, the treatment duration, and the specific dose of medication use. These factors might influence the results in the present study [33, 34] . Other factors we could not consider due to the sample and design limitations, such as diet, sodium intake and physical activity, may confound the association of smoking with uncontrolled BP. While some specific groups in the NHANES were oversampled and unequal probabilities of selection were taken into account, lack of power due to small cell counts-especially of rare outcome events (e.g. isolated uncontrolled DBP in Hispanics which matter most in logistic regression) and wide confidence intervals may raise strong limitations regarding the potential of both Type I and Type II error and even the direction of the associations observed. Finally, diagnosed hypertension in this study was determined in terms of selfreported hypertension diagnosed by a health professional, average SBP and DBP measurements, and the use of prescribed antihypertensive medications for each individual. Our definition of hypertension excluded the hypertensive persons with BP successfully controlled by physical activity, weight control and other non-pharmacological techniques.
Perspective
The associations between current smoking and uncontrolled BP varied with race/ethnicity among diagnosed hypertensive subjects. Current smokers were more likely than never smokers to have uncontrolled SDBP in non-Hispanic blacks. In this regard, health practitioners need to be especially vigilant with non-Hispanic black hypertensive subjects who are currently smoking to improve control of both high SBP and high DBP in this racial group. Even though current smokers were less likely to have uncontrolled BP and isolated uncontrolled SBP in non-Hispanic whites, the negative association should not indicate that smoking would have beneficial effects on the uncontrolled BP or isolated uncontrolled SBP in this group, considering cigarette smoking is the leading preventable cause of diseases and deaths in the US [35, 36] , irrespective of race/ethnicity. The mechanism for the controversial associations between current smoking and uncontrolled BP subtypes among hypertensive subjects in nonHispanic whites and blacks remains unknown and needs to be further investigated.
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